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START

EMIT A FIRST QUANTITY OF LIGHT HAVING A FIRST WAVELENGTH

AND A SECOND QUANTITY OF LIGHT HAVING A SECOND
WAVELENGTH

CREATE AN INITIAL POLARIZATION STATE FOR EACH OF
THE FIRST AND SECOND QUANTITIES OF LIGHT

ILLUMINATE THE TARGET WITH THE FIRST AND SECOND QUANTITIES OF LIGHT, EACH
OF THE FIRST AND SECOND QUANTITIES OF LIGHT HAVING THEIR INITIAL
POLARIZATION STATES

ANALYZE A RESULTING POLARIZATION STATE OF EACH OF THE FIRST AND
SECOND QUANTITIES OF LIGHT AFTER INTERACTION WITH THE TARGET

CAPTURE A FIRST IMAGE OF THE TARGET BEING ILLUMINATED BY THE FIRST QUANTITY

OF LIGHT AND A SECOND IMAGE OF THE TARGET BEING ILLUMINATED BY THE SECOND
QUANTITY OF LIGHT

WEIGHT POLARIZATION PARAMETERS OF AT LEAST ONE OF THE

FIRST AND SECOND IMAGES

EVALUATE A WEIGHTED DIFFERENCE BETWEEN THE FIRST AND
SECOND IMAGES TO GENERATE A MULTI-ENERGY COMPLETE
POLARIZATION IMAGE OF THE TARGET

Figure 6
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1
MULTI-WAVELENGTH IMAGING SYSTEM

RELATED APPLICATION DATA

This application 1s both a continuation-in-part of PCT
Application Number PCT/US2004/015046, which desig-
nated the United States and was filed on May 13, 2004, and
was published as WO 2004/029015, which claims priority to
U.S. patent application No. 60/482,386, filed Jun. 25, 2003,
and a continuation of U.S. Provisional Patent Application No.
60/665,773, filed Mar. 28, 2005. All of the above-mentioned
applications are hereby incorporated by reference 1n their
entireties.

FIELD OF THE INVENTION

The present invention relates to a multi-energy system that
generates and/or forms 1mages of targets/structures by apply-
ing Mueller matrix 1maging principles and/or Stokes polari-
metric parameter imaging principles to data obtained by the
multi-energy system. In one embodiment, the present mven-
tion utilizes at least one energy or light source to generate two
or more Mueller matrix and/or Stokes polarization param-
eters 1mages of a target/structure, and evaluates the Mueller
matrix/Stokes polarization parameters multi-spectral differ-
ence(s) between the two or more 1mages of the target/struc-
ture. As a result, high contrast, high specificity images can be
obtained. Additional information can be obtained by and/or
from the present invention through the application of image,
Mueller matrix decomposition, and/or 1mage reconstruction
techniques that operate directly on the Mueller matrix and/or
Stokes polarization parameters.

BACKGROUND OF THE INVENTION

The ability to measure the Mueller matrix and/or the Stokes
parameters ol a target or a structure, and form 1mages based
on them, and then obtain their spectral image difference
(dual-energy 1mage subtraction), can provide significant
insight on the sample/target composition. Such measure-
ments can also reveal significant structural or molecular
information that cannot be obtained via conventional imaging
techniques. As a result, high-signal-to-background ratio,
leading to an enhanced specificity, and high contrast images
could be obtained by any 1imaging system that could apply the
above principles. Furthermore, information could also be
obtained by applying Mueller matrix decomposition, image-
processing, neural-fuzzy logic algorithms and 1mage recon-
struction techniques that operate directly on the Mueller
matrix and/or the Stokes polarization parameters.

The present mvention 1s referred interchangeably through
out the text as “Mueller Matrix/Stokes Parameters Polarimet-
ric Spectral Difference Imaging” or “Mueller Matrix/Stokes
Parameters Polarimetric Dual-Energy Imaging™, without loss
of meaning, since it leads to the formation of several Mueller
matrix polarimetric difference 1mages and/or Stokes polar-
ization parameter image differences, formed by pairs of
Mueller matrix polarimetric 1mages/Stokes polarization
parameter 1mages, acquired at at least two distinct wave-
lengths, chosen from a wavelength spectrum A, . . . A .
Theretfore, multiple spectral polarimetric 1mage differences
can be obtained.

The present invention initially acquires images based on
Mueller matrix and/or Stokes polarization parameter formal-
1sm/1maging principles through the interrogation of targets
with multiple wavelengths. The present invention then sub-

tracts these 1mages, acquired at at least two different wave-
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lengths to yield multi-wavelength (multi-spectral ) polarimet-
ric image differences. In other words, 1n one embodiment the
present invention permits the fusing of multi-spectral differ-
ence detection principles with Mueller matrix and/or Stokes
polarization parameter 1imaging principles. Further imaging
information about the target/structure can be/1s obtained by
Mueller matrix polar decomposition of the images at different
wavelengths and forming 1mage differences at at least two
wavelengths.

In fact, Mueller matrix measurements permit parameters
such as diattenuation, retardance, depolarization power, and
birefringence to be obtained. The importance of these param-
eters can be enhanced further under multi-spectral interroga-
tion of the target/structure, providing useful information
regarding the nature of the target/structure. For instance,
interrogation of biological structures with multiple wave-
lengths, leads 1n practice to a multilayer interrogation of
tissue, allowing one to obtain high-contrast images at differ-
ent depths. This allows one to differentiate tumor and cancer-
ous structures or cells from healthy ones based on a change 1n
tissue birefringence. Therefore, a subtraction of the birelrin-
gence obtained at at least two distinct wavelengths can
enhance the structure of interest, removing the influence of
the interfering tissue or cells. Therefore subtraction of the
diattenuation, retardance, depolarization power, and birefrin-
gence at distinct wavelengths, under multi-spectral interro-
gation of the target/structure can provide msightful structural
and physiological information based on the difference of the
attenuation of amplitude of the incident light, phase change
difference, depolarizing potential of the target difference, and
phase shift difference, due to the vanation of the mndex of
refraction, obtained at at least two distinct wavelengths,
respectively.

The principles of the multi-fusion multi-spectral-dual-ro-
tating retarder, dual-energy complete polarimeter, are shown
in FIG. 1. However, the present invention can be applied to
any theoretical or experimental technique that estimates the
tull-16 element Mueller matrix of the system (target/associ-
ated optics), and relates, therefore, the output Stokes param-
cters to the input Stokes parameters.

The principles multi-spectral Mueller matrix polarimetric
image difference and/or Stokes polarization parameters
image diflerence involve, 1n one instance, the acquisition of
multi-wavelength optical Mueller matrix/Stokes polarimetric
images. In one embodiment, a weighted subtraction of two
Mueller matrix 1images, produced from a high energy (low
wavelength) and another from a low energy (high wave-
length) energy and/or light source can produce a polarimetric
Mueller matrix/Stokes polarimetric image difference, which
climinates interfering background structure, as well as 1t
enhances the polarization-based amplitude contrast informa-
tion (diattenuation property of the target/structure), and
polarization-based phase contrast information (birefringence
property of the target/structure).

Polarimetric imaging offers distinct advantages for a wide
range of detection and classification problems.

Polarimetric 1imaging relies on the preservation of polar-
1zation of backscattered light, while offering distinct signa-
tures related to surface smoothness, orientation, and target/
structure composition. Under certain circumstances, the
polarization of the scattered light depends upon a number of
geometrical, and physical parameters, such as incident polar-
1zation state, shape, size, and concentration of the scatterer, or
more generally from the refractive indexes of the scatterer and
the surrounding medium. Specifically, itrelies on the assump-
tion that weakly scattered light maintains 1ts 1nitial polariza-
tion state, while highly scattered light does not maintain its
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initial polarization state. In one embodiment, the present
invention permits the use additional polarimetric-sensitive
signatures, such as scattering, due to different concentration
of the scatterer, si1ze, and other variables to be obtained under
multiple wavelength interrogation, and subsequently used to
form a polarimetric image difference.

SUMMARY OF THE INVENTION

In one embodiment, the present invention operates on
lightwave multi-spectral, multi-fusion, multifunctional,
Muller matrix/Stokes polarization parameters imaging prin-
ciples. It 1s capable of interrogating targets, structures or
samples with multiple wavelengths in order to form multi-
spectral Mueller matrix/Stokes polarimetric images, obtained
at different wavelengths, and then obtain their spectral image
difference (dual-energy 1mage subtraction). The use of two
Mueller matrix polarimetric optical images, one produced
from a high energy (small wavelength) and another from a
low energy (large wavelength) laser beams, and the subse-
quent subtraction of these two 1mages, can produce a high-
contrast polarimetric energy 1mage difference which elimi-
nates or minimizes interfering background and clutters, or
enhances the image process. Further image enhancement can
be achieved by subtracting Stokes polarimetric parameter
images and the like, obtained at different optical wavelengths,
such as degree of linear polarization images (DOLP)’s, form-
ing Stokes polarimetric parameter spectral image differences.

These 1image 1mages can be further manipulated, or com-
bined, to enhanced the detection process. As a result, the
present invention can provide both spectral and polarimetric
information. Furthermore, decomposition of the Mueller
matrix 1mages, at different optical wavelengths result in
enhanced polarization-based amplitude contrast information
(diattenuation property of the target), polarization-based
phase contrast information (birefringence property of the tar-
get), and depolarization contrast, due to the formation of
image differences using different distinct wavelengths. This
data gives rise to Muller matrix polarimetric difference
images obtained at different wavelengths, which contain
polarization-based amplitude contrast and phase contrast
information. These principles apply not only to the interro-
gation of multiple targets, aimed at the removal of interfering
structures, but also single targets as well, giving rise to
enhanced energy, spectral and polarimetric contrast, namely,
polarization-based amplitude contrast, depolarization inten-
sity contrast, and phase contrast information.

The present invention relies in part on the following rela-
tionships: subtraction of two Mueller matrix polarimetric
images M, ,, M,, ol a target, structure and/or sample,
obtained at least two distinct wavelengths A, A,:

M, > - M, 1] Mueller matrix of the target (M)

D> - Dy 2] Diattenuation of the target (D)

Mup;o — Mpag 3] Diattenuation matrix (Mp)

Mpio = Mgpig 4] Retardance matrix (Mg )

Mo — Mg 5] Depolarizing matrix (M)

0,5 — Oy 4 6] Birefringence (0)

S0~ Sin 7] Stokes Parameters (S;), where j=0, 1, 2, 3
(DOP),- — (DOP), , 8] Degree of polarization (DOP)
(DOLP), > - (DOLP),, 9] Degree of linear polarization (DOLP)
(DOCP); - — (DOCP), 10] Crrcular polarization (DOCP)

(€2 — (@)ay 11] Ellipticity

(Maz = (M 12] Azimuth

(€);5 — (€)y '13] Eccentricity.
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4

(the order of the above operations can be reversed (i.e.,
A1-A2)), where subscripts 1 and 2 refer to any Mueller matrix
matrices, 1 one instance polarimetric matrices, acquired
through multi-spectral interrogation of the target with wave-
lengths A, and A, respectively, chosen from a spectrum A, , . . .
A, . Any number of Mueller matrices can be generated using
the appropriate number of interrogating wavelengths (e.g., n
Muller matrices can be generated using n interrogating wave-
lengths). By subtracting the 16 Mueller matrix elements of
one matrix, acquired at one wavelength, one by one from
those acquired at one or more different wavelengths (e.g.,
m, ,,,—M;, ;) and so on, significant information regarding
the nature of the target can be achieved. In general, multiple
wavelengths can be utilized to interrogate the target. Further
exploitation and arithmetic manipulation of S0, S1, S2, S3,
obtained at different wavelengths, such as subtraction, addi-
tion, multiplication, division or combination thereof, can
enhance the image process, giving rise to Stokes polarization
parameters diflerences and the like.

The foregoing relationships can be further manipulated to
enhance birefringence properties of the target; enhance diat-
tenuation properties of the target; enhance depolarization
intensity contrast; maximize spectral and energy information
of the target and the surroundings; reduce interfering struc-
tures or background, leading therefore to: enhance detectabil-
ity; target, structure and/or sample 1dentification, discrimina-
tion, and classification; enhanced contrast and spatial
resolution; specificity of targets embedded 1n turbid media,
cluttered targets or samples embedded or surrounded by com-
plex surroundings, low-contrast targets or samples, or under
harsh 1llumination conditions such as very low/very strong
light 1llumination or mixed light conditions, and background.

In one embodiment, the present invention relates to a multi-
energy polarization imaging system comprising: (a) at least
one energy source for irradiating a target with at least one
quantity of light and at least one quantity of energy, the at least
one quantity of light comprising at least one wavelength of
light and the at least one quantity of energy comprising at
least one wavelength of energy, wherein the wavelength of the
energy 1s etther shorter or longer than the wavelength of the at
least one quantity of light; (b) a polarization-state generator
for generating a polarization state for each quantity of light,
the polarization-state generator comprising at least one polar-
1zer, each polarizer being adapted to polarize an 1ndividual
wavelength before the one or more quantities of light enter at
least one first waveplate; (¢) a polarization-state receiver for
evaluating a resulting polarization state of each of the one or
more quantities of light following illumination of the target,
the polarization-state receiver comprising at least one second
waveplate through which the one or more quantities of light
are transmitted before entering at least one second polarizer;
(d) an image-capture device for capturing at least a first image
and a second 1mage of the target irradiated by the at least one
quantity of light and the at least one quantity of energy, the
first image corresponding to an image of the target generated
from the wavelength of light and the second image corre-
sponding to an 1mage of the target generated from the wave-
length of energy; and (e) a processing unit for assigning a
welghting factor to at least one of the first and second 1images
and evaluating a weighted difference between the first and
second 1mages to generate a multi-wavelength 1mage of the
target.

In another embodiment, the present invention relates to a
multi-energy polarization imaging system comprising: (1) at
least one light source for 1lluminating a target with at least one
quantity of light, the at least one quantity of light comprising
at least two wavelengths of light, a first wavelength and a
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second wavelength, the second wavelength being different
than the first wavelength; (1) a polarization-state generator
for generating a polarization state for each quantity of light,
the polarization-state generator comprising at least two polar-
1zers, each polarizer being adapted to polarize an individual
wavelength before the one or more quantities of light enter at
least one first waveplate; (111) a polarization-state recetver for
evaluating a resulting polarization state of each of the one or
more quantities of light following illumination of the target,
the polarization-state receiver comprising at least one second
waveplate through which the one or more quantities of light
are transmitted before entering at least one second polarizer;
(1v) an 1mage-capture device for capturing at least a first
image and a second 1mage of the target 1lluminated by the at
least one quantity of light, the first image corresponding to an
image of the target generated from the first wavelength com-
ponent of the at least one quantity of light and the second
image corresponding to an image of the target generated from
the second wavelength component of the at least one quantity
of light; and (v) a processing unit for assigning a weighting
factor to at least one of the first and second images and
evaluating a weighted difference between the first and second
images to generate a multi-wavelength image of the target.

In st1ll another embodiment, the present invention relates to
a multi-energy polarization imaging system comprising: (A)
at least one light source for 1lluminating a target with at least
one quantity of light, the at least one quantity of light com-
prising at least two wavelengths of light, a first wavelength
and a second wavelength, the second wavelength being dii-
terent than the first wavelength; (B) a polarization-state gen-
erator for generating a polarization state for each quantity of
light, the polarization-state generator comprising at least one
polarizer, each polarizer being adapted to polarize an 1ndi-
vidual wavelength before the one or more quantities of light
enter through at least one rotating 4 waveplate linear
retarder; (C) a polarization-state recerver for evaluating a
resulting polarization state of each of the one or more quan-
tities of light following illumination of the target, the polar-
1zation-state recerver comprising at least one second rotating
/4 waveplate linear retarder through which the one or more
wavelengths of light are transmitted before entering at least
one second polarizer; (D) an 1image-capture device for cap-
turing at least a first image and a second 1mage of the target
illuminated by the at least one quantity of light, the first image
corresponding to an 1mage of the target generated from the
first wavelength of light and the second image corresponding
to an 1mage of the target generated from the second wave-
length of light, wherein the 1mage-capture device receives
and/or generates for each of the at least first and second
images at least 16 individual polarization-state measure-
ments; and (E) a processing unit for comparing the at least 16
individual polarization state measurements from the at least
first and second 1mages.

In still another embodiment, the present invention relates to
a method for generating a multi-modality 1mage of a target,
the method comprising the steps of: (1) emitting at least two
quantities of energy, at least one quantity of energy being a
quantity of light having a first wavelength, the second quan-
tity of energy having a second wavelength different from the
first wavelength, the second wavelength being selected from
the gamma ray, X-ray, ultraviolet ray, visible, infrared ray,
radar, RF, microwaves, and/or radio wave portions of the
clectromagnetic spectrum; (11) creating an mnitial polarization
state for at least the one quantity of light by polarizing and
then retarding one component of the at least the one quantity
of light relative to another component of the at least one
quantity of light; (i11) directing the at least two quantities of
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6

energy generally toward the target so that the target 1s 1rradi-
ated by the at least two quantities of energy, including direct-
ing the polarization state of any polarized energy generally
toward the target in the instance where at least a portion of the
energy 1s polarized; (1iv) analyzing a resulting polarization
state for each of the first and second quantities of energy by
retarding one component of the first and second quantities of
energy following irradiation of the target relative to another
component of the first and second quantities of energy, and
then polarizing the retarded first and second quantities of
energy; (v) capturing a first image of the target irradiated by
the first quantity of energy and a second 1mage of the target
irradiated by the second quantity of energy; (vi1) optionally
weighting at least one of the first and second 1mages; and (v1i1)
generating the multi-energy 1image of the target by evaluating
a weighted difference between the first and second 1mages,
and/or by comparing and/or combining the first and second
1mages.

BRIEF DESCRIPTION OF THE FIGURES

The foregoing and other features and advantages of the
present invention will become apparent to those skilled 1n the
art to which the present invention relates upon reading the
following description with reference to the accompanying
drawings, 1n which:

FIG. 1 1s a schematic representation of a multi-spectral,
multi-fusion, dual-energy Mueller-based optical imaging
system 1n accordance with the present invention configured in
a backscattered mode;

FIG. 2 1s a schematic representation of a multi-spectral,
multi-fusion, dual-energy Mueller-based optical 1imaging
system 1n accordance with the present invention configured in
a transmission mode;

FIG. 3 1s a schematic 1llustration of a quarter-wave retarder
in accordance with the present invention;

FIG. 4 1s a block diagram of a multi-spectral, multi-fusion,
dual-energy Mueller-based optical imaging system 1n accor-
dance with the present invention implemented with an active
multi-spectral spectro-polarimeter, a passive multi-spectral
spectro-polarimeter, and a laser radar system;

FIG. 5 1s an 1llustrative arrangement of a network of multi-
spectral, multi-fusion, dual-energy Mueller-based optical
imaging systems in accordance with the present invention;

FIG. 6 1s a flow diagram of an embodiment of a method for
generating a multi-energy 1mage i accordance with the
present invention; and

FIG. 7 1s a diagram representing an example of a multi-
spectral 1maging polarimeter according to one embodiment
ol the present invention.

DETAILED DESCRIPTION

This mvention 1s referred interchangeably through out the
invention as “Mueller Matrix/Stokes Parameters Polarimetric
Spectral Difference Imaging” or “Mueller Matrix/Stokes
Parameters Polarimetric Dual-Energy Imaging™, without loss
of meaning, since it leads to the formation of several Mueller
matrix polarimetric difference images and/or Stokes polar-
ization Parameters image differences, formed by pairs of
Mueller matrix polarimetric 1mages/Stokes polarization
Parameters 1mages, acquired at at least two distinct wave-
lengths, chosen from a wavelength spectrum A,, . . . A .
Therefore, multiple spectral polarimetric 1image differences
can be obtained.

The present invention relates to a multi-energy system that

generates and/or forms 1mages of targets/structures by apply-
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ing Mueller matrix 1maging principles and/or Stokes polari-
metric parameter imaging principles to data obtained by the
multi-energy system. In one embodiment, the present mven-
tion utilizes at least one energy or light source to generate two
or more Mueller matrix and/or Stokes polarization param-
eters 1mages of a target/structure, and evaluates the Mueller
matrix/Stokes polarization parameters multi-spectral differ-
ence(s) between the two or more 1mages of the target/struc-

ture. As a result, high contrast, high specificity images can be
obtained. Additional information can be obtained by and/or
from the present invention through the application of 1mage,
Mueller matrix decomposition, and/or 1mage reconstruction
techniques that operate directly on the Mueller matrix and/or
Stokes polarization parameters.

The present invention also relates to optical imaging tech-
niques for efficient detection, characterization, and/or inter-
rogation of targets/samples. High-contrast multi-spectral
Mueller matrix/Stokes parameters polarimetric difference
images, and the like can be obtained from targets embedded in
turbid or cluttered, or low-contrast/low-detectability media.
Besides homeland security and defense applications the
present mnvention can play an important role 1n medicine and
biology assisting in the early diagnosis, treatment, assess-
ment, and follow-up of cancer (e.g., melanoma), 1mage-
guided biopsy, ophthalmology, molecular imaging, drug pro-
duction  and delivery, physiological imaging,
nanotechnology, space exploration, robotic vision and
ispection and repair of spacecrait; and 1nspection, charac-
terization, classification, and monitoring of MEMS, nano-
structures, waters and masks for the microelectronic industry.

The principles of multi-spectral Mueller matrix-polarimet-
ric image difference of this invention comprise multiple opti-
cal Mueller polarimetric images, obtained at different wave-
lengths. A weighted subtraction of any high-energy Mueller
matrix 1mage (low wavelength) 1image from a low energy
(high wavelength) Mueller matrix image produces a polari-
metric Mueller matrix image difference. Further imaging
information of the target/sample/structure can be obtained by
applying Mueller matrix polar decomposition of i1mages
obtained at at least two different wavelengths, thereby yield-
ing 1mage differences between at least one set of 1mages
obtained from a target/sample/structure at at least two 1ndi-
vidual wavelengths. In fact, Mueller matrix measurement
allows parameters such as diattenuation, retardance, depolar-
1zation power, and birefringence to be obtained. The 1mpor-
tance of these parameters can be enhanced further under
multi-spectral interrogation of the target, providing usetul
information regarding the nature of the target.

For instance, interrogation of biological structures with
multiple wavelengths, leads 1n practice to a multilayer inter-
rogation of tissue, allowing one to obtain high-contrast
images at different depths. This permits/allows one to differ-
entiate tumor and cancerous structures or cells from healthy
ones based on a change 1n tissue birefringence. Therefore, a
subtraction of the birefringence obtained at at least two dis-
tinct wavelengths can enhance the structure of interest,
removing the interfering tissue or cells. Theretfore subtraction
of the diattenuation, retardance, depolarization power, and
birelringence at distinct wavelengths, under multi-spectral
interrogation of a target can provide 1sightiul structural and
physiological information based on the difference of the
attenuation of amplitude of incident light, phase change dii-
terence, depolarizing potential of the target difference, and/or
phase shiit difference, due to the vaniation of index of refrac-
tion, obtained at least two distinct wavelengths, respectively.
Therefore, multi-spectral interrogation of the target, and for-
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mation of Mueller matrix-polarimetric 1image diflerences,
can enhance just a specific region of interest (ROI) of the
target over another ROI.

Further image enhancement can be achieved, by means of
Stokes parameters formalism, by forming polarmetric
images differences, and the like such as degree ol polarization
(DOP) difference, degree of linear polarization (DOLP) dif-
terence, degree of circular polarization (DOCP) difference,
obtained at different wavelengths. This methodology can
increase by n-fold the signal-to noise ratio of the imaging
targets.

The present mvention can utilize a laser beam, or other
light source or sources, 1n conjunction with suitable optical
filters and components, to 1lluminate targets, samples, struc-
tures and/or scenes at specific wavelengths and interrogate
their respective reflectance spectral features. The dual-phase
rotating retarder polarimeter yields a complete measurement
of all sixteen Mueller matrix elements. As a result, complete
polarimetric signatures of the targets are obtained. The acqui-
sition ol Mueller-matrix/Stokes parameters polarimetric opti-
cal images, one produced from a high energy (small wave-
length) and another from a low energy (large wavelength)
laser beams, and the subsequent subtraction of these two
images, can produce high-contrast polarimetric image ditfer-
ence which eliminates or minimizes interfering background
and clutters, or enhances the image process, meanwhile pro-
vide, spectral, energy, polarization-based amplitude contrast
and phase contrast information, enhanced ROI’s, enhanced
contrast, enhanced specificity, and high signal-to-noise-ratio.
The detected signal can be further enhanced by embedding
fluorescent particles or molecules, quantum dots, nanostruc-
tures, dopants, polar molecules, chemo luminescence and
bioluminescence particles or molecules, into the target/back-
ground.

The present invention operates on multi-spectral, multi-
fusion, multifunctional, Muller Matrix polarimetric prin-
ciples. It 1s capable of interrogating targets or samples with
multiple wavelengths forming multi-spectral Mueller matrix
multi-wavelength polarimetric difference 1mages. Multi-
spectral target interrogation gives rise to multi-wavelength
Muller matrix polarimetric image differences obtained at dii-
ferent wavelengths, which also contain energy, spectral,
polarization-based amplitude contrast and phase contrast
information simultaneously. These principles apply not only
to the interrogation of multiple targets but also single targets
as well, giving rise to enhanced spectral and polarimetric
confrast data.

FIG. 1 illustrates one embodiment of a multi-energy polar-
1zation 1imaging system 10 according to the present invention.
The system of the present imnvention can be operated as a
Mueller matrix polarimeter or as a Stokes parameter polarim-
cter depending upon the choice and operation of the compo-
nents contained therein. The imaging system 10 includes a
light source 14 (e.g., a multi-spectral light source) for 1llumi-
nating a target 18 with a first quantity of light having at least
a first wavelength and a second wavelength of light. Alterna-
tively, the present mvention can utilize a light source 14 for
illuminating a target 18 with a first quantity of light having at
least a first wavelength and a second quantity of light having
a second wavelength. However, the present invention 1s not
limited to just the above embodiments. Rather, the present
invention can utilize one or more quantities of light, each
quantity of light being composed of at least one speciiic
wavelength of light and/or energy, or even two or more spe-
cific wavelengths of light-and/or energy.

A polarization-state generator 22 1s provided for generat-
ing a polarization 22 state for each of the first and second

[
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wavelengths of light. The polarization-state generator
includes a first polarizer 26 through which the first and second
wavelengths of light are transmitted before entering a first
waveplate 32 (e.g., a one-quarter waveplate), which creates a
phase difference between an ordinary component 36 (FIG. 3)
and an extraordinary component 42 (FI1G. 3) of the polarized
first and second wavelengths of light. A polarization-state
receiver 44 1s positioned to evaluate a resulting polarization
state of the first and second wavelengths of light following
1llumination of the target 18, the polarization-state recerver 44
including a second waveplate 48 (e.g., a one-quarter wave-
plate) through which the first and second wavelengths of light
are transmitted before entering a second polarizer 51. The
polarization-state receiver can be just a receiver or it can be
both a recerver and a polarization-state analyzer, 11 so desired.

An optical image-capture device, such as a charge-coupled
device (“CCD”), photo-electronic camera, CMOS detector,
and the like, captures a first image of the target 1lluminated by
the first wavelength of light and a second 1mage of the target
illuminated by the second wavelength of light. A processing
unit 57 assigns a weighting factor to at least one of the first and
second 1mages and evaluates a weighted difference between
the first and second 1images to generate a multi-energy image
(or polarimetric 1image) of the target 18. For instance, where
both waveplates are one-quarter retarders and whether both
one-quarter retarders rotate, or just the second one-quarter
retarder rotates, under suitable orientation of the optical com-
ponents, the system of the present invention forms a Dual-
Phase Rotating Retarder complete Mueller Matrix Polarim-
cter, or a Rotating Retarder Stokes Parameters polarimeter.
Therefore, enhanced Mueller matrix spectral 1mage differ-
ences and Stokes parameters spectral image differences can
be obtained, respectively.

Alternatively, or 1n addition to, the processing unit 57 can
process at least 16 individual polarization-state measure-
ments recerved/derved from the images generated from the
first and second wavelengths of light. These values, can be
averaged together to form average polarimetric 1images at
distinct wavelengths. Then, the first average polarimetric
image corresponding to an image of the target generated from
the first wavelength of light and the second average polari-
metric 1image corresponding to an 1image of the target gener-
ated from the second wavelength of light, are subtracted to
cach other so that to obtain a weighted spectral 1mage differ-
ence of the target. Alternatively, or 1n addition to, the process-
ing unit 57 can process at least 16 individual polarization-
state measurements

This will maximize the signal-to noise ratio of the target
images. The imaging system 10 of the present invention can
be combined with an active or passive multi-spectral spectro-
polarimeter 75, 78 (FIG. 4) or multi-spectral/hyperspectral
imaging system for enhanced imaging, as well as with laser
sources, white light sources, partially polarized sources, mul-
tiple exposures, and the like. As a result, a multi-wavelength,
multi-fusion optical imaging system 10 with enhanced con-
trast and specificity can be obtained. In addition, the system
10 can be operated as a polarimeter laser reflectometer, or as
a network of several polarimeters (FI1G. 5) operating 1n retlec-
tion or transmission mode, or any combination of these
modes. It can also be mmplemented with super-resolution
techniques (variable focus lenses, or algorithms), as well
provide imaging information at variable depths (axial direc-
tion along a focal axis 1n which the light propagates), either by
translating the target along the focal-axis, via a computerized
translational motorized stage, or utilizing standard contocal
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microscopy techniques. As a result, multi-spectral polarized
multi-wavelength planar image sections, at the longitudinal
directions can be obtained.

One advantage of the present invention i1s that the multi-
spectral polarimetric principles can lead to the design ofnovel
high contrast contocal microscopes. Instead of using moving
lenses to scan the focal spot in the axial and radial dimen-
sions, one can obtain longitudinal planes of the sample,
through multi-wavelength polarimetric interrogation of the
target, without scanning the focal spot at the axial direction.
In fact, this leads to different imaging depths of the target, due
to the different absorption and scattering characteristics of
cach optical wavelength within the sample. Combining Muel-
ler matrix/Stokes parameters spectral image differences,
enhanced slices of information within the tissue, with high
background rejection can be obtained. These concepts apply
to both transmission, reflectance and fluorescence confocal
microscopes. This technique minimizes the use of a focused
lens, improving therefore, the x-y resolution, and increasing
depth of 1imaging.

In yet another embodiment, the present invention can be
utilized to develop multi-spectral polarimetric optical com-
puted tomography CT systems. Interrogation of targets with
multi-spectral polarized optical wavelengths and exploitation
of the Mueller matrix/Stokes parameters spectral image dii-
terences could lead to the development of optical CT systems
with dual-energy tomographic capabilities. Therefore,
enhanced signal-to-noise ratio, high-contrast high back-
ground to signal rejection ratio, and 1images with significant
metabolic and physiological information would be obtained.

This technology would complement PET and SPECT, IMRI,
MEG, and EEG, and x-ray CT.

In st1ll another embodiment, the imaging system 10 of the
present invention fuses dual-energy imaging principles with
polarimetric 1imaging principles, optionally at varying focal
depths and exposures, to generate and display a high-contrast
image. The interrogation of a target 10 with two or more
quantities of light having different wavelengths (multi-spec-
tral interrogation), and the acquisition of polarimetric images
by applying dual-rotating quarter-wave linear-retarder com-
plete-polarimeter techniques, allows one to obtain enhanced
polarimetric signatures by subtraction of the polarization
parameters of the acquired images, such as degree of polar-
ization (DOP), degree of linear polarization (DOLP), degree
of circular polarnization (DOCP), ellipticity, azimuth, and
eccentricity, or theiwr differences such as DOP difference,
DOLP, difference, DOCP difference, obtained at different
wavelengths

Although described herein as a dual-energy imaging sys-
tem, 1t should be understood that the system 10 of the present
invention can be used to generate and display any multi-
energy 1mage. Instead of being limited to two quantities of
light, a plurality of light quantities, described interchangeably
herein as beams of light, laser light beams, and laser beams,
cach having a different wavelength, are used to 1lluminate
and/or 1irradiate the target 18 for capturing 1images of the target
18. Alternatively, the present invention can also utilize at least
one quantity of light, where the light quantity simultaneously
or discretely contains therein at least two different wave-
lengths of light. In still another embodiment, the present
invention can utilize at least one quantity of light, where the
quantity of light contains at least one wavelength of visible
light, 1n conjunction with one or more additional energy
sources that 1s/are capable of generating at least one wave-
length of energy from the gamma ray, X-ray (both very soft
X-rays and X-rays), ultraviolet ray, infrared ray, radar, RF,
microwave, and/or radio wave portions of the electromag-
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netic spectrum. Instead of, or in addition to, the present inven-
tion can also utilize an energy source capable of generating
one or more wavelengths of acoustic and/or ultrasound
energy 1n conjunction with at-least one wavelength of visible
light.

Thus, the present invention 1s designed to form difference
images from two Mueller matrix images/Stokes parameters
images acquired at very different wavelengths. For instance,
a first wavelength may be 1n the visible region of the spec-
trum, forming a Mueller matrix polarimetric image, while a
second may be inthe gamma ray, X-ray (both very soit X-rays
and X-rays), ultraviolet ray, infrared ray, radar, and/or radio
wave portion of the electromagnetic spectrum (or even an
acoustic and/or ultrasound wavelength), as 1s discussed
above.

Regardless of the number of different wavelengths used for
illumination purposes, the principles of multiple-energy
imaging involve the use of two or more 1mages to generate a
multi-energy image. In a two wavelength embodiment of the
present invention, a first image 1s captured by 1lluminating the
target 18 with light having the first wavelength, and at least
one more 1mage 1s captured by 1lluminating the target 18 with
light or some other energy source having a second wavelength
that 1s different than the first wavelength. Optionally, this can
be performed with a quantity of light having a first wave-
length and another quantity of energy or light having a second
wavelength that 1s either longer or shorter than the wave-
length of the light.

The terms long and short as used with reference to the
wavelengths of light and/or energy used to 1lluminate/irradi-
ate target 18 are relative terms that are ordinarily open to
subjective interpretation. As used herein, however, the terms
long and short are relative to common electromagnetic spec-
trum known to those of skill in the art.

In the embodiment depicted 1n FIG. 1, a weighted subtrac-
tion of the two 1mages produces a multi-energy 1image which
mimmizes interfering background structures. A weighting,
factor 1s assigned to at least one polarization parameter of one
or more of the captured images such that the desired contrast
1s achieved 1n the multi-energy image generated by evaluating
a difference between the 1images of the target 18 1lluminated
with the quantities of light having different wavelengths. By
welghting at least one of the polarization parameters of an
image of the target 1lluminated at a given wavelength, a suit-
able amount of undesired interfering objects possibly
obstructing the target 18 can be removed from the multi-
energy 1mage. For instance, the target 18 and 1ts ambient
environment or background can exhibit poor optical contrast
due to similar reflectance properties for light at a first wave-
length, while the background 1s the dominant reflective entity
at a second wavelength. Capturing a first image of the target
18 and background i1lluminated by light having the first wave-
length and a second image of the target 18 and background
illuminated by light having the second wavelength, and then
subtracting the background-dominant second image from the
firstimage results 1n a high contrast multi-energy image of the
target 18.

Multi-energy 1images of the present invention can be one
dimensional, two dimensional, and three dimensional. Fur-
ther, the optical image-capture device 54 can rely on homo-
dyne, heterodyne, superheterodyne detection principles,
image intensifiers, photomultipliers, semiconductor detec-
tors, including but not limited to the use of auto balanced
detectors and lock-in amplifiers.

Examples of the polarization parameters of the captured
images that can be weighted for subtraction from the corre-
sponding polarization parameters of another image captured
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by 1lluminating the target 18 at a different wavelength
include, but are not limited to: degree of polarization
(“DOP”), degree of linear polarization (“DOLP”), degree of
circular polarization (“DOCP”), ellipticity, azimuth, and
eccentricity. The weighted subtraction can also be performed
using sets of 1images, 1 which case the subtraction will per-
formed on the differences of the sets such as DOP difterence,
DOLP difference, DOCP difference, ellipticity difference,
azimuth difference, eccentricity difference and the like.

Further enhancement 1s obtained, when warranted, by
employing applied polarimetric techniques, and optionally,
by also employing focal-length scanming of the object. Focal-
length scanning of the target 18 1s obtained by varying the
focal depth of a lens positioned in front of the target 18 to
focus the light so that 1t converges at a suitable depth within
the target 18. This i1lluminates a single “slice” of the target 18
located a predetermined distance from the lens 1in the axial
direction 1 which the light propagates. The process 1s con-
tinuously repeated for several different focal depths until the
desired portion of the three-dimensional target 18 has been
captured as an 1mage.

A one-quarter rotating retarder 1s positioned adjacent to
respective polarizers to form a polarization-state generator 11
and a polarization-state receiver 44 for generating and ana-
lyzing, respectively, the polarization state of the first and
second quantities of light. The polarization-state generator 22
and receiver 44 operate 1n conjunction with dual-energy
imaging techniques described above. It can be configured to
operate 1n a transmission mode, as shown 1n FIG. 2, and a
backscattered mode as shown in FIG. 1. The adaptability of
the present invention allows 1t to be used in a variety of
applications including, but not limited to, medical, aerospace
and industrial. For example, the imaging system 10 of the
present invention can be used in adverse atmospheric condi-
tions for both air-to-ground and ground-to-ground combat
applications. Additionally, the imaging system 10 can be
adapted for use 1n diagnosing medical disease by generating
enhanced 1mages of the internal cavity of a patient.

An exemplary configuration a one-quarter waveplate form-
ing a portion of the polarization-state generator 22 and the
polarization-state recerver 44 1n the present system 1s shown
in FIG. 3. Polarization states are generated by placing the
polarization-state generator 22 1n optical alignment along the
optical axis 64. Arranged 1n this manner, the light source 1
emits light that 1s polarized by the first polarizer 26 and
subsequently transmitted through a first waveplate 32. The
polarization state of light transmuitted from the first waveplate
32 is then analyzed by the polarization-state receiver 44 after
the light transmitted from the first waveplate 32 has 1llumi-
nated the target 18.

Similar to the polarization-state generator 22, the polariza-
tion-state recerver 44 includes a second waveplate 48 and a
second polarizer 51. Unlike the polarization-state generator
22, however, the polarization-state recerver 44 1s arranged
such that light 1lluminating the target 1s transmitted through
the second waveplate 48 prior to being recerved by the second
polarizer.

The first and second waveplates 32, 48 1n one embodiment
are rotatably supported between the first and second polariz-
ers 26, 51 along the optical path 64 traveled by the light from
the light source 14. Rotating the second waveplate 48 at an
angular-velocity ratio of 3:1, or even at an angular velocity of
3:1 or less, relative to the first waveplate 32 encodes the 16
parameters of the target’s Mueller matrix, which 1s discussed
in detail below, onto the Fourier components of the detected
signal. Further, the first and second waveplates 32, 48 are
positioned on opposite sides of the target 18, which means
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that the light used to 1lluminate the target 18 interacts with the
target 18 between interactions with the first and second wave-
plates 32, 48. This does not require the first and second
waveplates 32, 48 to be linearly aligned, but merely posi-
tioned along the optical path 64 traveled by the light from the
light source 14 to the optical image-capture device 54. Thus,
the system 10 can be arranged in a linear arrangement as
shown 1n FIG. 2, or a backscattering mode as shown in FIG.
1.

The waveplates 32, 48 of the present invention, also known
as retardation plates and phase shifters, are made from mate-
rials which exhibit birefringence. The velocities of ordinary
and extraordinary light rays 36, 42 through the birefringent
maternials vary imversely with their refractive indices. The
phrase “ordinary ray” 1s commonly used to refer to the com-
ponent of the light incident on the waveplate 32, 48 that
travels quickly through the waveplate material relative to the
“extraordinary ray,” 42 which travels through the waveplate
material relatively slower than the ordinary ray 36. The dii-
terence 1n velocities through the waveplate material gives rise
to a phase difference, also referred to as a phase shift, between
the ordinary and extraordinary rays 36, 42. The degree of the
phase difference introduced by the waveplates 32, 48 1s
dependent upon the path length through the waveplates 32,
48, which, 1n the present case, 1s equal to the thickness of the
waveplates 32, 48. Waveplates 32, 48 that introduce a phase
shift of between 0 and 90° between the ordinary and extraor-
dinary light components 36, 42 produce elliptically polarized
light (i.e., the ordinary and extraordinary components 36, 42
are not equal 1n length), while a phase shiit of exactly 90°
produces circularly polanized light where the ordinary and
extraordinary components are equal in length. As mentioned
above, elliptically and circularly polarized light tend to main-
tain their polarization more than linearly polarized light
through many light-scattering media. According to one
embodiment of the present invention, the first and second
waveplates 32, 48 are sized to imtroduce a 90° phase shiit
between the ordinary and extraordinary 36, 42 components of
the 1incident light. Since such a phase shift amounts to one
tourth of a complete wave, waveplates 32, 48 of this size are
referred to as quarter-wave retarders.

The first and second polarizers 26, 51 are fixed 1n position,
and can be any material that impedes the transmittance of at
least one component of light through the polarizer while
allowing another component to pass therethrough generally
unimpeded. By fixing the position of the first and second
polarizers 26, 51, the eflect of any mnstrumental polarization
preceding or following the polarizers 26, 51 1s minimized.
Also, the Fournier transform on the data automatically per-
forms a least squares fit to the undetermined data set. The
present system 10 1s also resistant to beam wander 11 mea-
surements are made over a 27w cycle.

The light source 14 of the present invention can be any
suitable device that can emit light energy. According to an
embodiment of the present invention, the light source 14 1s a
tunable laser having a vanably adjustable wavelength. By
tunable, 1t 1s meant that the laser can be tuned to emait laser
light having any wavelength within a predetermined range of
wavelengths. Other suitable light sources 14 include, but are
not lmmited to, hyperspectral/multi-spectral light sources,
white light, partially polarized light sources, and the like. The
multi-spectral, multi-fusion, dual-energy Mueller-based
polarimeter system 10 of the present invention can also utilize
short-duration optical pulses or snapshots of light pulses pro-
viding therefore, temporal information, in addition to the
spatial and spectral information of the target 18. In another
embodiment, reference numeral 14 can be an energy source
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that 1s able to emit at least one quantity of light having a
wavelength 1n the visible spectrum and at least one quantity of
energy having a wavelength that 1s longer or shorter than the
wavelength of the visible light.

Further, the system 10 of the present invention can include
a plurality of light sources 14 for illuminating the target 18.
The plurality of light sources 14 can each 1lluminate the target
18 with a quantity of light having a different wavelength,
forming an illumination plane or point on the target. By
varying one or more of the geometry and the orientation of the
light sources 14, a new plane or point of 1llumination on the
target 18 can be established. This varnation of the geometry
and/or the orientation of the light sources can be repeatedly
performed to generate a desired multi-energy 1mage.

Using the present invention for applications such as
designing optical tomography systems, for example, the light
source 14 can be configured to utilize planar geometry, fan-
beam geometry, pointwise illumination, or any combination
thereof. Pointwise illumination should be provided by any
beam steering mirror-like devices such as electromechanical,
opto-electronic, acousto-optic, all optical-based technology,
liquid-crystal-based mirror, and any other such devices.

Additionally, an embodiment of the present invention
shown in FIG. 5 implements a network comprising a plurality
ol dual-rotating-retarder complete Mueller-matrix polarim-
eters, each targeting a different location of the target 18. This
embodiment can be implemented by positioning a dual-phase
rotating-retarder complete Mueller-matrix polarimeter imag-
ing system 10 of the present invention at a plurality of loca-
tions relative to the target 18. Similar to the individual 1mag-
ing system 10, each imaging system 10 in the network
illuminates the target 18 with two or more quantities of light,
cach quantity of light having a different wavelength. How-
ever, unlike the individual imaging system 10, each imaging
system 10 1n the network focuses the first and second quan-
tities of light to penetrate the target 18 at different depths oron
different surface areas. The weighted subtraction of polariza-
tion parameters acquired by illuminating the target 18 with
the quantities of light having different wavelengths 1s per-
formed for each individual imaging system 10 1n the network
to generate individual multi-energy polarimetric i1mages.
Each of these individual images 1s then communicated to a
common computational platform 81 where a composite
image ol the target 18 1s generated from a combination of the
individual images. As the network 1s 1llustrated in FIG. §, the
polarization-state generator 22 and light source 14 of each
individual 1imaging system 10 are represented generally by
the blocks entitled “TUNABLE LASER 1”7 and “TUNABLE
LASER 2”. Similarly, the polarization-state recerver and opti-
cal-imaging device for each imaging system 10 1n the net-
work 1s represented generally as the block entitled “SIGNAL
PROCESSING/IMAGE FUSION.” The composite image
can be a three-dimensional image of the target 18, a two-
dimensional image of the target’s surface, or any other type of
image. Furthermore, the composite 1mage can be formed by
subtracting an individual image of a layer within the target 18
from another individual 1mage of a different layer within the
target 18. In this manner, interference from one layer of the
target 18 that could obstruct the view of the layer of interest in
the target 18 1n the composite image 1s minimized.

The common computational platform 81 can store infor-
mation concerning the wavelengths of the light emitted by
cach mdividual imaging system 10 1n a database stored 1n a
computer readable memory for optimizing operation of the
network 1n future applications. An artificial neural network
(“ANN™), described 1n detail below, can be used with the

computational platform 81 to select optimal wavelengths for
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the individual light sources 14 of the network. The optimal
wavelengths can depend on a variety of factors such as atmo-
spheric conditions through which the quantities of light are to
be transmitted, properties of the target 18 (1.e., whether the
target region of interest includes biological tissue, bone struc-
tures, gaseous elements, hardened structures, synthetic
objects, radioactive materials, etc.), and other factors. Fur-
ther, similar to the individual 1maging systems 10, one or
more of the individual imaging systems 10 of the network can
be 1n a fixed position, dynamically positioned 1n an aircratt,
satellite, medical instrumentation, and the like, and include
applications for target surveillance and 1dentification, home-
land security, air defense, battleship awareness,;and other
suitable applications. Likewise, the target 18 can be static or
dynamic. And again, referring to FI1G. 4, the individual imag-
ing systems 10 and the network can be implemented with an
active spectro-polarimetric imager 75, passive spectro-pola-
rimetric imager 78, laser radar imager 84, and any combina-
tion thereof.

The necessary computational hardware and software for
the operation of the system 10 of the present invention 1s in
operational commumnication with the features of the system 10
discussed above. The computational platform includes at
least a processing unit operatively connected to a computer
readable memory. Computer logic stored 1n the computer-
readable memory along with information collected from pre-
vious operations of the system 10 and pre-programmed into
the computer readable memory allow the system 10 to adap-
tively select suitable wavelengths for the first and second
quantities of light based on at least the ambient environment
of the target 18. For example, the computational platform can
include what 1s commonly referred to as an intelligent system,
such as an artificial neural network, to determine the optimal
wavelengths to be used for target recognition and 1dentifica-
tion. This can be used to search for targets 18 amidst camou-
flage nets, trees, fog or other adverse atmospheric conditions,
to locate a known composition inside the body of patient in a
medical context, and other similar applications.

Generally, an artificial neural network (“ANN”") includes
highly-interconnected simple computing mathematical
nodes, analogous to neurons 1n a biological neural network.
The interconnections between these mathematical nodes
(neurons), resembling synapses in biological neural net-
works, are called weights and provide means to store knowl-
edge. The functional mappings are acquired through a learn-
ing process and the knowledge 1s stored in the form of
weights. The leaning process involves repeated training in
order to accurately learn the task. Alternatively, a database of
information can be preprogrammed into the computer-read-
able memory to minimize the time required for the learning
process.

In one embodiment, the present invention utilizes an ANN
of the present invention uses a committee of neural networks
to 1increase the reliability of choices made by the ANN. Three
or more ANNs are trained with different architecture, 1nitial
weights, and the best ANNss are recruited to form a committee
for selecting the appropriate light wavelengths. Inexact-rea-
soning techniques such as fuzzy logic can be employed to
turther enhance the system.

In use the system of FIG. 1 operates as follows, with
reference to FIG. 6, the multi-spectral, multi-fusion, dual-
energy Mueller-based polarimeter imaging system 10 of the
present 1nvention can generate enhanced multi-energy
images according to a method of the 1llustrative embodiment.
This illustrative method includes the steps of emitting a first
quantity of light having a first wavelength 101 and a second
quantity of light having a second wavelength that 1s different
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than the first wavelength, creating an 1nitial polarization state
for each of the first and second quantities of light by polariz-
ing and then retarding one component of each of the first and
second polarized quantities of light relative to another com-
ponent of the first and second quantities of light 104, and
directing the polarization state for each of the first and second
quantities of light generally toward the target 107. The
method of the illustrative embodiment further includes ana-
lyzing a resulting polarization state for each of the first and
second quantities of light by retarding one component of the
first and second quantities of light following 1llumination of
the target 18 relative to another component of the first and
second quantities of light 110, and then polarizing the
retarded first and second quantities of light 110; capturing a
first image of the target 18 1lluminated by the first quantity of
light and a second 1mage of the target 18 1lluminated by the
second quantity of light 113; weighting at least one of the first
and second immages 116; and generating the multi-energy
image of the target by evaluating a weighted difference
between the first and second images 119. The weighting
factor 1n some circumstances can be unity, or take on any
other value.

The step of creating an 1nitial polarization state 104
includes linearly polarizing the first and second quantities of
light. After the linear polarization, at least one of the ordinary
and extraordinary components 36, 42 of the linearly-polar-
1zed light 1s retarded with a quarter-wave retarder 32 to create
a phase angle between the ordinary and extraordinary com-
ponents 36, 42.

Similarly, analyzing the resulting polarization state 110
includes analyzing a resulting phase angle between the ordi-
nary and extraordinary components 36, 42 of the first and
second quantities of light following interaction of the first and
second quantltles of light with the target 18. This step evalu-
ates the eflect the target 18 has on the polarization state of the
first and second quantities of light by transmuitting the first and
second quantities of light through a second quarter-wave
retarder 48 following interaction with the target 18. Then, the
first and second quantities of light are again linearly polarized
by the second polarizer 51.

Weighting at least one of the first and second i1mages
includes 116 the steps of determining a Mueller matrix for
cach of the first and second 1images, determining a weighting
factor suitable for at least one parameter of the first and
second 1images, and multiplying at least one of the parameters
of the first and second 1mages by the value of the weighting
factor.

Generating the multi-energy 1mage of the target 119
includes the steps of determining a difference between the at
least one weighted image parameter and the remaining image
parameter, generating a Mueller matrix for the difference
between the two 1mages, and displaying an image generated
from the Mueller matrix for the difference between the two
1mages.

Emitting a first quantity of light having a first wavelength
and a second quantity of light having a second wavelength
110 includes evaluating an ambient environment of the target
18, comparing the ambient environment of the target 18 to
known conditions stored 1n a computer readable memory, and
determining suitable first and second wavelengths based on
the comparison between the evaluated ambient environment
of the target 18 and the known environments in the computer
readable memory using an artificial fuzzy neural network.
The ambient environment can be any environment, neighbor-
ing object, and the like that can affect the first and second
quantities of light en route to the target 18. Non-limiting
examples of such an ambient environment include a gas
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cloud, fog, or other atmospheric condition through which the
first and second quantities of light are transmitted between the
light source 14 and the target 18 or other location along the
optical path 534 from the light source to the optical 1mage-
capture device 54.

In another embodiment, the present invention 1s directed to
eificient interrogation of targets surrounded by scattering
media; detection of weak signals among cluttered targets; and
identification, discrimination, and classification of targets;
interrogation of a single target aimed to enhance specific
ROI(s). The present invention can be operated in either a
transmission or backscattering geometry.

The principles of the multi-fusion multi-spectral-rotating,
retarder, dual-energy complete polarimeter, are shown in
FIG. 7. The principles of spectral difference or dual-energy
Mueller matrix polarimetric 1imaging on this contribution
involve the use of a pair of optical Mueller polarimetric
images, chosen from n Mueller matrix polarimetric 1mage
differences, interrogated by n optical wavelengths. A
weilghted subtraction of the sixteen matrix elements at differ-
ent wavelengths, can produce polarimetric Mueller matrix
image differences, which eliminates interfering background
structure. Similarly, extending the above treatment, by means
ol Stokes polarization parameters, we can generate spectral
Stokes polarimetric parameter differences.

As will become apparent 1n view of the discussion below,
the data from both the multi-spectral imaging camera can be
interpreted as an 1mage of a four-dimensional multi-spectro-
polarimetric volume because a measure of radiance 1s
obtained for four independent variables or indices: two spatial
variables (X, y), a wavenumber k (or a wavelength) and S
which has only four possible values (S,, S, S,, S;).

As noted above, the present invention 1s capable of per-
forming multi-spectral Mueller matrix polarimetric differ-
ence 1maging between optical wavelengths from all over the
optical spectrum, as well as utilizing radiation from different
portions of the electromagnetic spectrum such as combina-
tions of visible, IR, radiofrequency (RF), microwave, milli-
wave radiation, gamma and x-rays, ultrasound, MRI and the
like.

The multi-spectral Mueller matrix polarimetric difference
imaging principles can be fused with other signal modalities/
descriptors such as frequency, phase, amplitude, temporal
response, time range, 3D-1maging, time-ranging, iterferom-
etry, lincar and nonlinear 1image analysis/processing algo-
rithms, line spread function (LSF), Modulation Transier
Function (MTF), Fourier Transform, and others, leading to
enhanced 1mage performance and feature extraction.

The present invention can also form difference images
from two Mueller matrix polarimetric 1mages acquired at
very diflerent wavelengths. For instance, a first wavelength
may be 1n the visible region of the spectrum, forming a
Mueller matrix polarimetric image, while a second may be 1n
the very soit X-ray, X-ray, gamma ray, both polarized or not,
or even acoustic and ultrasound waves.

In some circumstances, 1t can also perform Mueller matrix
polarimetric image subtraction between optical and/or elec-
tromagnetic polarimetric images, and diffracted soft x-rays or
gamma rays polarized cases.

The present mvention allows images at selected wave-
lengths to be acquired over a 180° or 360° phase retardation.
Subsequent calculations are performed on each pixel of a
target scene by measuring all four components of the Stokes
vector simultaneously, from the 16 Mueller matrix elements,
as a function of the incident wavelength. Although, 16 differ-
ent polarization images can be obtained, 36 or 49 polarimetric
measurements yield to improved images, due to error calibra-
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tion reduction. In addition, polarimetric parameters such as
degree of polarization (DOP), degree of linear polarization
(DOLP), degree of circular polarization (DOCP), ellipticity,
and orientation also can be calculated and provided 1n an
image format.

The data from the muti-spectral 1imaging camera can be
interpreted as an 1mage of a four-dimensional multi-spectro-
polarimetric volume because a measure ol radiance 1s
obtained for four independent variables or indices: two spatial
variables (X, v), a wavenumber k (or a wavelength) and S,
which has only four possible values (S., S, S,, S;3).

Interrogation of the sample at multiple wavelengths yields
several Mueller matrices, expressed as

M samplen122,... An = (1)

(MU Ay, A, U2 A5, 08, MU A, 4, MU Ay, 4, )

M2 Ay, Ay, 220 s, 0y 230 05,00, T2A0 0 0, 1,

MBI Ay, 0y P82 A, 0, B30 A, 0, B4 A, 4,

AL Ay, Ay, 20 05,0, F3A A, 8, AN 05,0,

The above Mueller matrices of the sample are a function of
the optical properties of the medium, at different incident
light wavelengths. By considering interrogation of the sample
at two distinct wavelengths, we can obtain the q” measure-
ment of irradiance, for two 1mages as:

— —

o (2
Soutd (G) = MsysSinay = Mrp2Mpro((@) Msamptea; MLri(@)Mpi(g)S iy

— —

PR )
Soutdy (§) = MsysSinaa = MppoMpp2(@)Msampte py MLri (@M ppi(g)5 i,

— —

where S (q) and S ., are the Stokes parameters at the
output and input of the optical system respectively, at two
wavelengths; M, »,(q) and M, »,(q) are the Mueller matrices
of1deal polarizers with their transmission axes oriented along
the horizontal x direction, and M; ,,(q) and M, »-(q) are the
Mueller matrices of the quarter wave linear retarders 1n the
polarization state generator and the polarization state ana-
lyzer, respectively, offered elsewhere. If the Mueller matrix of
the sample 1s not known, all the 16 elements can be deter-
mined experimentally.

Therefore, a polarimetric Mueller-matrix image difference
can be defined as:

(M, Wi, Wi, Mg, (4)

M21a,  M222, M233, 243,

M3, M320, M331, M343,

410, 423, P43, 443,

(M A2y Mz Mg )
maia, M2y, M2z M24y
M3, M3, M3z N34

(4L, M4y M43y Maaa

and vice versa. Therefore, a polarimetric 1image difference
can be defined 1n terms of Equations 2, 3 and 4, expressed as:

—> —

&S{JHI: S aurﬁhz("'?)_ \) otit, M ("'?):Msys S fn,}uz_Msys \) (5)

1.0
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or 1n general, 1n terms of the Mueller matrix of the sample,
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So S0 ] (0)
S S
52 52
oOUT
_Sg_GUTAZ |33 JOUTy,
(M, M2, Mz, Miaay S,
M,  M22a, M23a,  M243, || S
M3, M3, M3z, M4, || 92
 Maip,  Man,  Mam, Mg, JLO3 1N,
(M Moy My Mg 1S,
Mo M2y M3y Maxg || S5
Mzia, A132x,  M33y  M3aa, 32
LA Flaga, sy Plagy )-53-;;&;&1

This imnvention can be applied to any theoretical or experti-
mental technique that generates a full-16 element Mueller
matrix, which relates the output Stokes parameters to the
input Stokes parameters.

For mnstance, there are several experimental/computational
techniques for generating the full-16 element Mueller matrix.
As an example, the Dual-Phase Retarder Rotating Retarder
Mueller Matrix Polarimeter Technique, allows a complete
measurement of all sixteen Mueller matrix elements through
the Fourier analysis of the single detected signal. Another
example 1s a Data Reduction technique, which can be applied
to any configuration of a Mueller matrix polarimeter. Further
imaging information of the target can also be obtained by
applying the Mueller matrix polar decomposition of the
images at different wavelengths and forming their image
differences at at least two different wavelengths. Subtraction
of the diattenuation, retardance, depolarization power, and
birelringence at distinct wavelengths, under multi-spectral
interrogation of the target can provide insighttul structural
and physiological information based on the difference of the
attenuation of amplitude of the incident light, phase change
difference, depolarizing potential of the target difference, and
phase shiit difference, due to the variation of index of refrac-
tion, obtained at least two distinct wavelengths, respectively.
Experimentally, there are several approaches to measure the
Stokes parameters utilizing the Mueller matrix formalism,
namely: the “Classical Measurement Method-the Quarter-
Wave”, the “Measurement of the Stokes parameters Method
using a Circular Polarizer”, the “Fourier Analysis using a
Rotating Quarter-Wave Retarder Method”, the “Rotating
Retarder Polarimeter based on the Polarimetric Measurement
Matrix Method”, and others.

Similarly, by setting a rotating-retarder polarimeter con-
figuration (transmaitter retarder at a fixed position), at least 16
individual polarization-state measurements (1ntensity mea-
sured values) are obtained one at every fixed angle of rotation
of the recerver one-quarter retarder. Given this, a polarization
measurement matrix be obtained, and the Stokes vectors can
be obtained from the pseudo-inverse polarimetric measure-
ment matrix, and polarization-state measurements intensity
measured values (1mages) via the data reduction matrix.

A more specific/alternative example 1s as follows. For
instance, the Rotating Retarder Polarimeter, which 1s based
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on the Polarimetric Measurement Matrix Method, allows one
—_—
to calculate the Stokes vector, S _ (q), where

—=

S (=4S (7)

where M 1s the Muller matrix describing the elements of the
analyzer polarization of the phase retarder and the polarizer in
tront of the detector, including instrumental polarization, and

—
polarization sensitivity of the detector, and, S ;| =(S,, S,, S2,
S3)? is the Stokes vector incident on the polarization state
analyzer.
Assuming linearity, the output intensity at the detector, 1, 1s
proportional to the mcident intensity, according to:

(8)

S
1=A-5, =a5o+a51+a>5>+A353

—
where A=(a, a, a, a,)” is an analyzer operator vector analo-

gous to the Stokes vector.
—
The incident Stokes vector, S . ., on the polarization state

analyzer, 1s determined by making a series ol measurements
1., changing the elements of the polarization state analyzer for
each measurement. The intensity of the q” measurement is
generally expressed as

— —

i.=A_ S

g g e

(8a)

—=>
where A _1s the analyzer operator vector for the q” measure-
ment. In general, the corresponding light intensities at the
output of the detector, for Q measurements, are:

)

Cip-1 ) \dip-10 o1yt Qo122 Gp-1)3 )\ 53

—=>
where a_; 1s the i element of A , for the q” measurement,
where (3=0,1,2,3), indicating the four Stokes parameters.
Theretore,

(10)

where W 1s the polarimetric measurement matrix. Once the
polarimetric measurement matrix 1s known, the estimated
Stokes vector R can be deduced from the inverse of that
matrix and, the measured intensities, through the polarimetric
data reduction equation 8:

—=

R=W'I+UI (11)

where U 1s the polarimetric data reduction matrix. The rows
of W are the coeflicients of S, S,, S,, and S, and I 1s the
detected 1ntensity for a sequence of polarization optics posi-
tions.

The degree of polarization (DOP), degree of linear polar-
ization (DOLP), degree of circular polanization (DOCP),
cllipticity, and orientation also can be estimated 1n terms of
Stokes parameters, as

pop SE+ST+SHT (12)
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-continued

(S? + 5H'? (13)

DOLP =

S5 (14)

(15)

1 S5 (16)
n= Earctanla]

e=+V1-e2 (17)

and S,, S,, S,, S; are the Stokes vectors, €, 1, and € are the
ellipticity, azimuth, and eccentricity, respectively. The
Muller-based polarimetric 1images, should exhibit superior
imaging characteristics, due to the complete polarimetric
description of the target. In general, multiple wavelengths can
be utilized to interrogate the target. Furthermore, polar
decomposition of the acquired Mueller matrix 1mages can
provide 1mages of depolarization intensity, diattenuation
intensity, and phase retardance.

The present invention relies in part on the following rela-
tionships: subtraction of two Mueller matrix polarimetric
images M, ,, M,, ol a target, structure and/or sample,
obtained at least two distinct wavelengths A, A,:

M, - M, 1] Mueller matrix of the target (M)

D> - Dy 2] Diattenuation of the target (D)

Mp;o — Mpig 3] Diattenuation matrix (Mp)

Mpio = Mgpig 4] Retardance matrix (Mg )

Mo — Mg 5] Depolarizing matrix (M)

0,5 — 0y 4 6] Birefringence (0)

S~ Sing 7] Stokes Parameters (S;), where ) =0, 1, 2, 3
(DOP),- — (DOP), , 8] Degree of polarization (DOP)
(DOLP), > - (DOLP), , 9] Degree of linear polarization (DOLP)
(DOCP); - — (DOCP), 10] Crrcular polarization (DOCP)

(€2 — ()1 117 Elliptieity

(Maz = (M 12] Azimuth

(€),5— (€)4 '13] Eccentricity.

(the order of the above operations can be reversed (i.e.,
A1-A2)), where subscripts 1 and 2 refer to any Mueller matrix
matrices, 1 one instance polarimetric matrices, acquired
through multi-spectral interrogation of the target with wave-
lengths A, and A.,, respectively, chosen from a spectrum A, . . .
A . Any number of Mueller matrices can be generated using
the appropriate number of interrogating wavelengths (e.g., n
Muller matrices can be generated using n interrogating wave-
lengths). By subtracting the 16 Mueller matrix elements of
one matrix, acquired at one wavelength, one by one from
those acquired at one or more different wavelengths (e.g.,
m, ,-,—1M,,,) and so on, significant information regarding
the nature of the target can be achieved. In general, multiple
wavelengths can be utilized to interrogate the target. Further
exploitation and arithmetic mampulation of S0, S1, S2, S3,
obtained at different wavelengths, such as subtraction, addi-
tion, multiplication, division or combination thereof, can
enhance the 1mage process, giving rise to Stokes polarization
parameters differences and the like.

The foregoing relationships can be further manipulated to
enhance birefringence properties of the target; enhance diat-
tenuation properties of the target; enhance depolarization
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intensity contrast; maximize spectral and energy information
of the target and the surroundings; reduce interfering struc-
tures or background, leading therefore to: enhance detectabil-
1ty; target, structure and/or sample 1dentification, discrimina-
tion, and classification; enhanced contrast and spatial
resolution; specificity of targets embedded in turbid media,
cluttered targets or samples embedded or surrounded by com-
plex surroundings, low-contrast targets or samples, or under
harsh 1llumination conditions such as very low/very strong
light 1llumination or mixed light conditions, and background.

These imaging principles can be applied towards the space
exploration. Existing robotic vision systems employed for
space applications and planetary exploration, except for laser
systems, depend on uncontrolled and variable solar 1llumina-
tion as well as on the thermal status of the terrain. As a result,
there 1s a great variability 1n the spectral signature detected
that has a major impact on i1mage quality. In addition,
extended operation of the rovers on the planetary surface,
lunar or Martian, during prolonged periods of profound dark-
ness, require some kind of artificial illumination. Therefore,
the proposed technology may enhance the robotic vision in
space. Specifically, 1t will enhance: the ability of 3D stereo-
vision and scanning systems to perform rapid and reliable
ispections of spacecraft structures, such as thermal protec-
tion 1nsulation tiles, while at the same time using spectros-
copy to detect the presence of anomalous spacecrait contami-
nants in 3 dimensions; the ability of robotic rovers near, or on
the landing site of planetary surfaces to assess the morphol-
ogy, composition, and physical and geochemical properties
of the region; the exploration of poweriul combined spectro-
scopic/microscopy imaging techniques to search for evidence
of water, and life components such as proteins.

Similarly, multi-spectral Mueller matrix polarimetric
imaging differences appear appealing to the medical diagno-
s1s, and treatment. Classical imaging techmiques are less than
ideal tools for cancer diagnosis and assessment. Specifically,
conventional X-ray 1imaging systems produce images based
on the structure of the tissue; and thus, the resulting signal
provides only anatomical information, without any physi-
ological or metabolic signature. On the other hand, ultra-
sound 1maging, magnetic resonance imaging (MRI), and
computed tomography imaging (CT) rely basically on the
ability to differentiate the tumor against the surrounding tis-
sue and inherent background noise. As a result, they can
produce signals with little sensitivity or specificity. For the
latter technologies, signals are a function of cell density and
micro calcifications rather than a signature of cancer per se.
Interestingly enough, hepatic parenchymal scars or perito-
neal fibrosis cannot be radiologically distinguished after
tumor treatment. Similarly, due to osteogenic effects, 1n some
clinical cases bone scans can exaggerate the benefits of che-
motherapy, giving rise to false clinical pictures. More sensi-
tive and specific imaging can play an important role 1n the
diagnosis and treatment of cancer. Better imaging allows
diagnosis and therapy to be addressed selectively to the
tumor, and can be used to better facilitate localized surgical
interventions, such as ablation, endoscopy, and lumpectomy,
that allow limited diseased areas to be treated more drasti-
cally. Better imaging can also facilitate minimally invasive
monitoring ol therapeutic response. Developing high speci-
ficity and high sensitivity imaging technologies will assist
oncologists 1 developing gene-to-gene receptor-speciiic
therapies, earlier cancer diagnosing, choosing stage-specific
treatment options, and accurate assessment and follow-up.
Since, the multi-fusion, multi-spectral, polarimetric 1maging
can provide both anatomical and physiological or metabolic
information, the may play an important role to the develop-
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ment of 1imaging technologies with enhanced specificity and
sensitivity, capable of i1dentifying the presence versus
absence of cancer, as well as the stage, distribution, and type
ol cancer.

In yet another embodiment, the multi-spectral Mueller
matrix/Stokes parameters polarimetric multi-wavelength dif-
terence can be combined with the addition of fluorophores,
quantum dots, nanoparticles, and nanostructures to enhanced
the 1imaging process of tissue, nanoparticle, genes, proteins,
enzymes, microbes, bacteria and viruses, or single-molecule
imaging, by developing high-contrast, high spatial, high-
specificity, fluorescence imaging techniques, such as spatial
filtering, spectral filtering, confocal microscopy, Spatially
resolved, localized spectroscopy, time resolved Fluorescence
Lifetime Imaging (FLIM), Fluorescence Resonance Energy
Transfer (FRET), Near-Field Microscopy (NSEM), increas-
ing the metabolic, physiological, and functional 1imaging
information, significantly.

Similarly, the multi-spectral Mueller matrix/Stokes param-
cters polanmetric 1maging differences can be applied for
surface and subsurface imaging, inspection, characterization,
classification, and monitoring of nanostructures and nanopar-
ticles, MEMS, watfers and masks for the microelectronic
industry, and optical storage devices. With feature sizes
becoming increasingly smaller and 300 mm watfers being
adopted and deployed 1n fabrication, waler and mask inspec-
tion systems become of primary importance. Enhanced
detection of semiconductor waler defects has always been a
challenge 1n the semiconductor manufacturing industry. Usu-
ally a semiconductor has a large number of defects such as
swirls, spheres, clusters or random particles, surface defects
such as scratches, voids, de-lamination, residual resist,
cracks, masking errors, particles or damage which could have
occurred during the manufacturing process. The detection of
defects of a waler at an early stage of the manufacturing
semiconductor process can allow for possible waler rework
that can increase yields and reduce manufacturing cost. A
waler ispection implemented in the fabrication at final
stages 1dentifies all these harmiul defects. The potential of
this invention can be expanded not only 1n the study of bulk
imaging, but also at single molecule/ion level, by using suit-
able microscopic, fluorescent imaging techniques.

Multi-fusion, multi-spectral, multi-wavelength energy
matrix polarimetric imaging may play a leading role 1n home-
land security and defense. For instance, detection of soft
targets such as gas clouds contaiming chemical or biological
warlare agents, or missile or aircraft plumes, can be enhanced
dramatically through dual-energy Mueller matrix based,
multi-fusion, polarimetric imaging. Typical applications of
the multi-spectral, multi-fusion, dual energy Mueller matrix
based polarimetric imaging could involve scenes with targets
covered with camoutlage net, targets hidden under trees, or
target embedded 1n fog or subject to adverse atmospheric
conditions, explosive detection, and cargo ispection, 1 con-
junction with other soit/hard radiation modalities, and coun-
termeasures, underwater imaging, mine detection, and other.
As a result, enhanced target recognition, 1dentification, and
surveillance, could result, as well as 1t may be also used 1n a
standoil battlefield surveillance platform to indicate an early
warning of mass destruction weapons attacks.

The present invention can be used in transmission mode in
combination with other transmission techniques, such as spa-
tial filtering, confocal microscopy, time domain (time gating)
and frequency domain techniques. Similarly, the present
invention can be used 1n backscatter mode, and 1n combina-
tion with spatial filtering contfocal microscopy, interferomet-
ric, optical coherence tomography.
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The multi-spectral, multi-fusion, polarimetric system can
utilize tunnable lasers from UV to IR, coherent or partially
coherent light sources, LED’s, or polychromatic light sources
(white light sources), whose spectral transmission can be
clectronically controlled by applying voltage, acoustic signal,
etc. Spectral tunability could be achieved 1n a number of
ways, such as liquid crystal tunable filters (LCTF)’s based on
birelringence, acousto-optical tunable filters (AOTF)’s based
on diffraction, used as band pass tunable filters, capable to
select any wavelength over wide range, as well as interferom-
eter type filters, and others. In addition, the same filters could
introduce polarization and variable phase retardation, both on
the transmitting and receiving side, in combination with other
material. As a result, the multi-spectral, multi-fusion, dual-
energy Mueller matrix polarimetric system would be design
in a way that contains no moving parts.

The multi-spectral, multi-fusion, Mueller matrix polari-
metric system could be combined with a spectro-polarimeter/
hyperspectral system as well as with a microscope, operating
on active/passive detection principles, or in conjunction with
other imaging modalities, so that to provide both bulk 1imag-
ing information, spectroscopical information, and single
molecule 1maging capabilities. As a result, this leads to the
design of a new class of multi-fusion, multifunctional 1mag-
ing devices with enhanced imaging capabilities.

This mvention can be utilize any set of recetvers or com-
bination of them, such as CCD cameras, CMOS, photodetec-
tors, photomultiplies, image intensifiers, RF and microwave
antennas, 1n combination to sensitive electronic techniques,
such as autodyne, autobalance, heterodyne and superhetero-
dyne detection techniques, and others.

The present invention can be implemented with an FPGA
or other suitable computational platform (for fast real-time
processing ), programmed with fuzzy logic-committee neural
networks for background or {false rejection and target
enhancement, as well as wavelet transforms for de-noising. In
addition, hybrid fuzzy neural committee networks could be
used to provide the optimal wavelengths for the adaptive
multiwavelength energy laser beam or light source. The sys-
tem can be trained to provide the optimal wavelengths for the
multi-spectral optical-energy laser. Several decision fusion
techniques will be investigated to fuse the decision of the
member networks of committees (FCN).

A Fluorescence Near-Field Microscope (NSEM) or a
NSEM could operate on multi-spectral Mueller matrix/
Stokes parameters multi-wavelength polarimetric difference
image principles. It could operate alone, or 1n conjunction to
an atomic force microscope, confocal microscope, and/or any
other microscopy system, spectro-polarimetric, and/or hyper-
spectral system.

Interrogation of the target by means of multi-spectral
wavelengths for multi-spectral total internal reflection reflec-
t1on microscopy.

An optical computed tomography CT/dual energy CT, pla-
nar tomographic system, tomosynthesis. It could provide
excellent contrast resolution, the slice thickness could be
selected based on the wavelength difference of the interrogat-
ing wavelengths (the smaller wavelength difference would
provide better resolution).

The present mnvention may also be utilized for/adapted to:

Efficient single molecule multi-spectral imaging,

Cancer detection, tumor detection (e.g., melanoma detec-
tion),

Ophthalmology imaging, imaging of a retina,

Enhanced active-passive optical polarimetric imaging sys-
fems,
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High-contrast enhanced specificity nano-imaging tech-
niques for clinical, nanotechnology, and microelec-
tronic applications,

High-resolution nano-imaging instrumentation with inte-
grated capabilities,

Accurate 1imaging ol nanostructures and nano-devices,

Efficient molecular imaging signatures,

Micro- and nano-imaging of small dimension devices,
semiconductor waters, and high complexity microelec-
tronic circuits,

Enhanced imaging of wafer allowing detection of defects
in semiconductor components and microelectronic
structures,

High resolution clinical nano-imaging devices,

Biophotonics and molecular imaging,

(Quantum dot and nanophore bio-imaging,

Imaging of nano-structured molecular architectures,

Clinical nano-1maging, detection, identification and clas-
sification of cellular modulating mechanisms and
agents,

High resolution enhanced specificity and sensitivity opti-
cal 1imaging technologies and techniques for clinical
diagnosis and assessment,

Physiological imaging techniques for early cancer detec-
tion, assessment and follow-up,

Enhanced digital radiography and tomography for medical
imaging,

Advanced multimodality imaging technologies,

Efficient inspection, characterization, classification, and
monitoring of walers and masks for the microelectronic
industry,

Other imndustnial applications,

Enhanced polarimetric multi-spectral imaging sensor plat-
forms for rover navigation and rapid and reliable repair
ol spacecralt structures,

High sensitivity, high specificity powerful spectroscopic
nano-1maging techniques for exploration of planetary
resources,

Multi-spectral and hyperspectral multi-fusion optical pola-
rimetric 1maging platforms,

Active and passive spectroscopic imaging combined with
nano-imaging technologies,

Multimodality imaging platforms,

Airport security 1n combination with other multifunctional
modalities,

Explosive detection,

Countermeasures,

Cargo Security 1n combination with other multifunctional
imaging modalities,

Underwater target detection and 1maging in combination
with other multifunctional 1maging modalities, such as
ultrasound, RF, or others,

Biochemical detection,

Infrastructure protection,

Technologies for efficient detection under harsh environ-
ments,

Multi-spectral and hyperspectral multi-fusion optical pola-
rimetric 1maging platforms,

Active and passive spectroscopic imaging technologies,

Multimodality imaging platforms,

Multi-density, multimedia, multi-atomic X-ray dual
energy technologies,

Intelligent surveillance and reconnaissance integrated plat-
formes,

Innovative multimedia, multi-atomic number, multi-den-
sity, dual energy systems for enhanced digital X-ray
scanning imaging,
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Multi-fusion, multi-spectral, integrated optical polarimet-
ric platforms for enhanced high contrast, high specificity
imaging,

Target 1dentification and recognition,

Target characterization and assessment,

Maissile signatures,

Countermeasures,

Underwater detection,

Mine detection,

Battlefield imaging,

Multi-spectral and hyperspectral multi-fusion optical pola-
rimetric imaging platforms,

Active and passive spectroscopic imaging technologies,

Multimodality imaging platforms,

Multi-density, multimedia, multi-atomic X-ray dual
energy technologies, and

Intelligent surveillance and reconnaissance integrated plat-
forms.

The mvention can be used in combination of active/passive

target iterrogation techniques. The advantages of an active
interrogation technique (laser beams, LED’s) are:

Improved 1mage quality over a wide range ol imaging

sensing platforms because:

The light excitation of the target and the retlected light
spectra are both independent of variable and unpredict-
able sun 1llumination or target/background temperature.
As a result, active systems require detection of much
narrower spectral bands than passive systems because
the signatures have less variability due to time-varying
signature properties such as sun illumination.

The ability to characterize the state of polarization of radia-
tion from each pixel of a target scene by measuring all

four components of the Stokes vector, from the 16 Muel-

ler matrix elements, as a function of wavelength to yield
high contrast resolution, high spatial resolution, and
specificity images.

The mmvention comprises multiwavelength-energy polari-
metric 1maging capabilities. A weighted subtraction of
the low energy and the high energy polarimetric images
can remove background structures or interfering clut-
tered events.

Further image enhancement can be achieved by subtracting,
degree of linear polarization images (DOLP)s obtained
at low and high photon energies.

The fact that, signal processing occurs naturally at the front
end electronics (detector), through application of the
dual-energy polarimetric principles, mimimizes the use
of onboard processing.

The proposed polarimetric, dual-energy, multi-spectral
imaging 1s light photon quantum noise limited, and
exhibits higher contrast and specificity than current pas-
stve sensing 1imaging technology or laser-based systems
alone.

Unlike current technology, the proposed technology will
provide enhanced 1mages 1n adverse weather/environ-
mental conditions.

The acquired 1mages provide information related to the
target material composition as well as to the morphology
of the target.

The spectral distribution of the i1lluminating lasers can be
tuned to 1interrogate a specific target and proviode
unique, spectral, energy, polarimetric amplitude and
phase contrast information.

Various modifications and alterations that do not depart

65 1rom the scope and spirit of this invention will become appar-

ent to those skilled in the art. This invention 1s not to be duly
limited to the 1llustrative embodiments set forth herein.
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What 1s claimed 1s:

1. A multi-energy polarization imaging system compris-

ng:

(a) at least one energy source for irradiating a target with at
least one quantity of light and at least one quantity of
non-light energy, the at least one quantity of light com-
prising at least one wavelength of light and the at least
one quantity of non-light energy comprising at least one
wavelength of non-light energy, wherein the wavelength

of the non-light energy 1s e1ther shorter or longer than the
wavelength of the at least one quantity of light;

(b) a polarization-state generator for generating a polariza-
tion state for each quantity of light, the polarization-state
generator comprising at least one polarizer, each polar-
1zer being adapted to polarize an individual wavelength
before the one or more quantities of light enter a first
waveplate;

(c) a polarization-state recerver for evaluating a resulting
polarization state of each of the one or more quantities of
light following 1llumination of the target, the polariza-
tion-state receiver comprising a second waveplate
through which the one or more quantities of light are
transmitted before entering at least one second polarizer;

(d) an 1mage-capture device for capturing at least a first
image and a second 1mage of the target 1irradiated by the
at least one quantity of light and the at least one quantity
of energy, the first image corresponding to an 1image of
the target generated from the wavelength of light and the
second 1mage corresponding to an 1mage of the target
generated from the wavelength of energy; and

(¢) a processing unit for assigning a weighting factor to at
least one of the first and second 1images and evaluating a
weilghted difference between the first and second 1images
to generate a multi-wavelength 1mage of the target.

2. The system according to claim 1, wherein the first wave-

plate 1s a one-quarter (V4) waveplate.

3. The system of claim 1, wherein the second waveplate 1s
a one-quarter (/2) waveplate.

4. The systems of claim 1, wherein both the first and second
waveplates are one-quarter (4) waveplates.

5. A multi-energy polarization 1maging system compris-
ng:
(1) at least one light source for illuminating a target with at
least one quantity of light, the at least one quantity of
light comprising at least two wavelengths of light, a first

wavelength and a second wavelength, the second wave-
length being different than the first wavelength;

(11) a polarization-state generator for generating a polariza-
tion state for each quantity of light, the polarization-state
generator comprising at least two polarizers, each polar-
1zer being adapted to polarize an individual wavelength
betfore the one or more quantities of light enter at least
one {irst waveplate;

(111) a polarization-state receiver for evaluating a resulting
polarization state of each of the one or more quantities of
light following 1llumination of the target, the polariza-
tion-state receiver comprising at least one second wave-
plate through which the one or more quantities of light
are transmitted before entering at least one second polar-
1Zer:

(1v) an 1mage-capture device for capturing at least a first
image and a second 1mage of the target 1lluminated by
the at least one quantity of light, the first image corre-
sponding to an 1image of the target generated from the
first wavelength component of the at least one quantity
of light and the second 1mage corresponding to an 1mage
of the target generated from the second wavelength com-
ponent of the at least one quantity of light; and
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(v) a processing unit for assigning a weighting factor to at
least one of the first and second 1images and evaluating a
weilghted difference between the first and second 1images
to generate a multi-wavelength 1mage of the target,

wherein the processing unit comprises an artificial fuzzy
neural network that uses information stored 1n the com-
puter readable memory to determine a suitable wave-
length for each quantities of light for the condition at a
time when the multi-energy 1mage 1s to be generated.

6. The system according to claim 5, wherein at least one

light source 1s used in combination with the at least one
energy source, the at least one energy source being adapted to
generate one or more wavelengths of energy in the gamma
ray, X-ray, ultraviolet ray, infrared ray, radar, RE, micro-
waves, terahertz waves, and/or radio wave portions of the
clectromagnetic spectrum.

7. The system according to claim 5, wherein there 1s one
light source and the light source 1s capable of simultaneously
generating a quantity of light having at least two discrete
wavelengths of light.

8. The system according to claim 5, wherein there 1s one
light source and the light source 1s capable of sequentially
generating a quantity of light having at least two discrete
wavelengths of light.

9. The system according to claim 5, wherein there 1s at least
two light sources and each light source 1s capable of gener-
ating a quantity of light having one discrete wavelength of
light.

10. The system according to claim 5, wherein the 1image-
capture device 1s a light image-capture device.

11. The system according to claim 10, wherein the light
image-capture device 1s an electro-optical device.

12. The system according to claim 11, wherein the electro-
optical device 1s positioned 1n optical alignment with the
polarization-state receiver to capture the first and second
1mages.

13. The system according to claim 3, wherein the at least
one light source comprises at least one laser.

14. The system according to claim 3, wherein the at least
one light source 1s configured to emit energy 1n a planar
geometry, fan-beam geometry, pointwise irradiation, or any
combination thereof.

15. The system according to claim 5, wherein the first and
second waveplates are each a quarter-wave retarder.

16. The system according to claim 15, wherein the quarter-
wave retarders forming the first and second waveplates are
rotated at an angular-velocity ratio of 5:1.

17. The system according to claim 3, wherein the polariza-
tion-state generator and the polarization-state receiver are
generally linearly aligned on opposite sides of the target.

18. The system according to claim 3, wherein the polariza-
tion-state receiver 1s positioned to evaluate the resulting
polarization state of each quantity of light reflected by the
target.

19. The system according to claim 5, further comprising a
computer readable memory for storing information to be used
by the processing unit for determining a suitable wavelength
for each quantity of light.

20. The system according to claim 5, wherein the 1image-
capture device converts the first captured 1mage into a {first
Mueller matrix of the target and the second captured image
into a second Mueller matrix of the target 1n order to permat
processing, comparison and/or combination of the Mueller
matrices from first and second 1mages.

21. The system according to claim 5, wherein the 1image-
capture device converts the first captured 1mage into a first
Stokes parameter image of the target and the second captured
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image 1nto a second Stokes parameter image of the target 1in
order to permit processing, comparison and/or combination
of the Mueller matrices from first and second images.

22. A multi-energy polarization 1maging system compris-
ng:

(A) at least one light source for illuminating a target with at
least one quantity of light, the at least one quantity of
light comprising at least two wavelengths of light, a first
wavelength and a second wavelength, the second wave-
length being different than the first wavelength;

(B) a polarization-state generator for generating a polar-
1zation state for each quantity of light, the polarization-
state generator comprising at least one polarizer, each
polarizer being adapted to polarize an individual wave-
length before the one or more quantities of light enter
through at least one rotating one-quarter (%4) waveplate
linear retarder;

(C) a polarization-state receiver for evaluating a resulting
polarization state of each of the one or more quantities of
light following 1llumination of the target, the polariza-
tion-state recerver comprising at least one second rotat-
ing one-quarter (4) waveplate linear retarder through
which the one or more wavelengths of light are trans-
mitted before entering at least one second polarizer;

(D) an 1image-capture device for capturing at least a first
image and a second 1mage of the target 1lluminated by
the at least one quantity of light, the first image corre-
sponding to an 1mage of the target generated from the
first wavelength of light and the second i1mage corre-
sponding to an 1mage of the target generated from the
second wavelength of light, wherein the image-capture
device receives and/or generates for each of the at least
first and second 1mages at least 16 individual polariza-
tion-state measurements; and

(E) a processing unit for comparing the at least 16 1ndi-
vidual polarization state measurements from the at least
first and second 1mages,

wherein the 16 individual polarization state measurements
from each image are averaged together by the processing
unit to form average polarimetris images corresponding,
individually to at least the first and second 1mages.

23. The system of claim 22, wherein the first average pola-
rimetric image of the target and the second polarmetric image
of the target are subtracted from one another to obtain a
welght spectral image difference of the target, wherein the
first average polarimetric 1mage corresponds to an average
polarimetric 1mage of the target generated using the data
obtained at the first wavelength and the second average pola-
rimetric 1mage corresponds to an average polarimetric image
ol the target generated using the data obtained at the second
wavelength.

24. The system according to claim 22, wherein the 16
individual polarization state measurements from each image
are used to generate a Mueller matrix for one individual
wavelength of light.

25. A method for generating a multi-modality image of a
target, the method comprising the steps of:

(1) emitting at least two quantities of energy, at least one
quantity of energy being a quantity of light having a first
wavelength, the second quantity of energy having a sec-
ond wavelength different from the first wavelength, the
second wavelength being selected from a non-light
wavelength;

(1) creating an 1nitial polarization state for at least the one
quantity of light by polarizing and then retarding one
component of the at least the one quantity of light rela-
tive to another component of the at least one quantity of

light;
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(111) directing the at least two quantities of energy generally
toward the target so that the target 1s 1irradiated by the at
least two quantities of energy, including directing the
polarization state of any polarized energy generally
toward the target in the 1instance where at least a portion
of the energy 1s polarized;

(1v) analyzing a resulting polarization state for each of the
first and second quantities of energy by retarding one
component of the first and second quantities of energy
following 1rradiation of the target relative to another
component of the first and second quantities of energy,
and then polarizing the retarded first and second quan-
tities of energy;

(v) capturing a first image of the target irradiated by the first
quantity of energy and a second image of the target
irradiated by the second quantity of energy;

(v1) weighting at least one of the first and second images;

and

(vi1) generating the multi-energy 1mage of the target by

evaluating a weighted difference between the first and
second 1mages, and/or by comparing and/or combining,
the first and second images.

26. The method according to claim 25, wherein the step of
emitting the first and second quantities of energy comprises
the step of:

utilizing an energy source that has the ability to generate

one or more wavelengths of energy 1n the gamma ray,
X-ray, ultraviolet ray, visible, infrared ray, radar, tera-
hertz waves, and/or radio wave portions of the electro-
magnetic spectrum.

277. The method according to claim 25, wherein the step of
creating an initial polarization state comprises the steps of:

linearly polarizing the first and second quantities of

energy; and

then retarding at least one of the ordinary and extraordinary

components of the linearly-polarized energy with a
quarter-wave retarder to create a phase angle between
the ordinary and extraordinary components.

28. The method according to claim 25, wherein the step of
analyzing the resulting polarization state comprises the steps

of:

analyzing a resulting phase angle between the ordinary and
extraordinary components of the first and second quan-
tities of energy following interaction of the first and
second quantities of energy with the target; and

then linearly polarizing the first and second quantities of
cnergy.

29. The method according to claim 25, wherein the step of
welghting at least one of the first and second 1images com-
prises the steps of:

determining a Mueller matrix for each of the first and

second 1mages;

determining a weighting factor suitable for at least one of
the first and second 1images; and

changing at least one of the first and second 1mages by the
value of the weighting factor.

30. The method according to claim 25, wherein the step of
generating the multi-energy 1image of the target comprises the
steps of:

determining a difference between the at least one weighted

image and the remaining 1mage;

generating a Mueller matrix for the difference between the

two 1mages; and

displaying an 1image generated from the Mueller matrix for

the difference between the two 1mages.
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